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TITLE 

LOW  TEMPERATURE  FLOW  AND  FRACTURE  CHARACTERISTICS 
OF  SOME  IRON-BASE  ALLOYS 

ABSTRACT 


Temperature  dependent  functions  of  various  tensile  flow  stress  and 
fracture  parameters  were  investigated  on  iron  and  low  composition  alloys 
of  Fe-C,  Fe-Cr,  Fe-Mn,  and  Fe-Ni.  Data  were  obtained  over  a  flange  of 
test  temperatures  from  2(X>  to  -196  C  at  an  initial  strain  rate  of 
.01  min-1 . 

It  was  found  that  the  strain  hardening  exponent,  n,  for  the  Fe-Ni 
alloys  exhibited  a  considerable  improvement  at  very  low  testing  tempera¬ 
tures  with  increased  alloy  addition.  Also,  the  stress  and  strain  at 
fracture  followed  a  predictable  transitional  type  of  behavior.  Some 
anomalous  yield  point  and  strengthening  effects  were  also  observed. 

The  flow  stress -temperature  dependence  was  evaluated  employing  the 
relation: 


where  it  is  shown  that  along  with  crystallographic  structure  composition 
can  strongly  influence  the  constant  M.  An  empirical  formula  describing 
this  effect  is  as  follows: 

M  =  mi  (equivalent  At.  $  Ni)  x'3. 


Some  preliminary  tests  were  run  on  several  conmercial  steels  to  test  the 
generality  of  this  relationship. 
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INTRODUCTION 


One  of  the  phenomenological  explanations  of  the  ductile-to-hrittle 
transition  encountered  in  body- centered  cubic  metals  is  based  upon  the 
difference  in  the  temperature  dependence  of  the  flow  and  fracture 
stresses.1 >a  It  states  simply  that  the  fracture  stress  is  relatively 
insensitive  to  temperature  and  that  the  yield  or  flow  stress  rises  rap¬ 
idly  with  decreasing  temperature  so  that  when  the  flow  stress  reaches  the 
fracture  stress,  brittle  fracture  occurs  without  appreciable  plastic 
deformation.  This  behavior  is  illustrated  schematically  in  Figure  1 


where  the  ductile-to-brittle  transition  is  shown  to  occur  at  two  possible 
temperatures.  The  lowest  temperature  (Tg)  represents  essentially  com¬ 
pletely  brittle  behavior  while  the  higher  temperature  (Tjj  )  represents 


*  *  TEMPERATURE' - - 

Figure  I.  SCHEMATIC  REPRESENTATION  OF  THE  FLON  STRESS-TEMPERATURE  DEPENDENCE 
RELATIONSHIP  TO  THE  DUCT  I  LE-BRtTTLE  TRANSITIONAL  BEHAVIOR  OF  BCC  METALS 


"notch"  brittle  behavior.  Support 
for  this  theory  is  obtained  when  it 
is  observed  that  face-centered 
cubic  metals,  which  do  not  commonly 
have  a  ductile-to-brittle  transition, 
also  do  not  commonly  exhibit  any 
strong  temperature  dependence  of  the 
yield  stress.  This  apparent  causal¬ 
ity  of  yield  or  flow  stress  behavior 
with  the  ductile-to-brittle  transi¬ 
tion  has  been  generally  observed  for 
most  metals  representative  of  these 
two  crystallographic  structures . 

One  exception  to  this  generalization 
appears  in  the  case  of  tantalum3'4 
where  no  apparent  ductile-to-brittle 
transition  has  been  observed.  How¬ 
ever,  this  may  simply  be  an  indica¬ 
tion  that  this  type  of  behavior  is 
not  directly  related  to  the  flow 
stress  and  that  some  other  mechanirm 
such  as  twinning  must  also  be 
operative .  A  comparison  of  the 
typical  temperature  dependence  of 
the  yield  stress  of  some  representa¬ 
tive  metals  is  shown  in  Figure  2. 


100  200  joo  400  500  600  In  the  study  of  the  temperature 

test  temperature  ( DEG  k)  dependence  of  the  strength  of 

Fijur*  2.  REPRESENTATIVE  YIELD  STRESS  VERSUS nletallic  IDaterlalB>  considerable 
TEMPERATURE  CURVES  FOR  BCC  Fa  AND  V  AND  FOR  effort  has  been  devoted  to  the  yield 
FCC  A|  AND  Cu  METALS  strength.  These  studies  along  with 

dislocation  theory  have  indicated  that,  within  certain  limitations,  the 
yield  strength  should  be  a  linear  function  of  the  reciprocal  of  absolute 
temperature.  The  equation  to  represent  this  in  a  simplified  form  is  as 
follows: 


200 


J _ I _ I _ I - L 


a 


T 


Constant  e  +  e. 


The  above  equation  was  utilized  to  study  the  plastic  flow  properties  of  a 
43^0  steel  in  a  previous  investigation.6  In  that  study  the  true  stress- 
strain  tests  were  run  over  a  range  of  testing  temperatures  and  heat  treat¬ 
ments.  Figure  3  illustrates  the  compliance  of  the  data  to  the  above 
relationship.  One  of  the  important  features  of  the  work  was  the  demonstra¬ 
tion  of  the  fact  that  the  slope  M  was  independent  of  microstructure  and 
strength  level. 

Further  examination  of  other  alloy  steels,6’7  copper,6  aluminum,6 
titanium,6  iron,6’8  and  vanadium9  revealed  that  this  slope  M  (the 
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temperature  dependence  of'  the  yield 
or  flow  stress)  was  not  only  sensi¬ 
tive  to  crystal  structure  but  also 
to  composition.  Some  of  these  met¬ 
als  which  were  shown  in  Figure  2 
are  now  shown  in  Figure  4  where  the 
yield  stress  is  replotted  versus  the 
reciprocal  of  absolute  temperature. 
It  can  be  seen  from  this  plot  and 
the  other  data  in  Figure  3  that  al¬ 
though  the  slope  M  is  primarily 
influenced  by  crystal  structure,  it 
is  also  affected  by  composition. 

The  particular  study  being  reported 
here  will  be  concerned  with  the  ef¬ 
fect  of  composition  only. 

Many  studies  have  been  con¬ 
ducted  on  both  the  effects  of 
alloying  elements  and  temperature  on 
the  mechanical  properties  of  iron 
and  its  alloys.  One  of  the  earlier, 
more  comprehensive  analyses  of  these 
effects  was  that  of  Bain.10  This 
was  followed  by  more  quantitative 
studies  on  the  influence  of  composi¬ 
tion  in  some  iron  binary  alloys  as 
Influenced  by  alloying  elements  on 


I  ES  I  TEMPERATURt  (OEG  U) 


TEST  TEMPERATURE  l/T  x  103  (°K  l) 

Figure  N.  YIELD  STRESS  VERSUS  THE  RECIPROCAL 
ABSOLUTE  TEMPERATURE  FOR  THE  BCC  Fe  AND  V  AND 
THE  FCC  A I  AND  Cu  METALS  SHOWN  IN  FIOURE  2 


TEST  TEMPERATURE  (DEG  C) 


.ON  VERSUS  THE  RECIPROCAL  OF  ABSOLUTE 
TEMPERATURE  FOR  HEAT-TREATED  AISI  N3N0  STEELS 


heat  treatment,11  annealing,13  and 
tension  testing.13  Although  these 
alloys  were  not  of  the  highest 
purity,  the  property  data  obtained 
from  them  were  sufficient  to  predict 
property  data  on  more  complex  iron- 
base  alloys,  such  as  low-carbon  alloy 
steels.  More  recently  studies  have 
been  conducted  on  iron  alloys  with 
such  alloying  elements  as  car¬ 
bon,14  >1B>18  manganese,17  aluminum,18 
oxygen,19  and  phosphorous.30  Work 
related  to  effects  of  alloying  ele¬ 
ments  on  low-carbon  steels  has  also 
received  considerable  attention.31 >3a >33 
However,  the  most  significant  amount 
of  work  on  mechanical  property  deter¬ 
minations  in  recent  years  has  been 
focussed  upon  the  base  metal  itself, 
iron.  Besides  its  obvious  commercial 
importance,  the  impetus  created  by 
such  theoretical  work  as  Cottrell's 
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a  4 

on  yielding  has  probably  been  a  major  factor  in  generating  this  inter¬ 
est.  Furthermore,  the  availability  of  significant  amounts  of  mechanical 
property  data  on  increasingly  higher  purities  of  ironaB,a8>*7  has  also 
made  such  studies  more  feasible.  These  and  other  works  have  resulted  in 
considerable  advances  in  the  theoretical  treatment  of  plastic  flow*8 ,aa ,3° 
and  fracture31 >3*  • 33  of  iron.  The  preceding  summary  of  investigations  is 
representative  of  the  work  which  has  gone  on  in  this  area,  although  no 
attempt  has  been  made  to  make  a  complete  literature  survey. 

In  spite  of  this  prior  work,  there  is  a  need  for  generating  more 
basic  tensile  data  on  the  simpler,  single -phase  iron  alloys  in  order  that 
such  significant  factors  as  the  flow  stress -temperature  dependence  can  be 
studied  and  correlated  with  more  complex  alloy  systems.  With  this  in 
mind,  it  was  necessary  to  obtain  such  information  by  first  studying  the 
effect  of  composition  and  test  temperature  on  some  selected  iron-binary 
alloys.  True  stress-true  strain  data  was  obtained  to  fracture  in  order 
to  evaluate  other  related  parameters  such  as  strain  hardening,  fracture 
stress,  and  fracture  strain  over  a  temperature  range  of  200  to  -196  C. 


EXPERIMENTAL  PROCEDURE 


The  materials  employed  in  this  study  consist  of  the  base  metal  iron, 
iron-binary  alloys,  iron-carbon  alloys,  Borne  low-alloy  carbon  Bteels,  and 
a  301  stainless  steel.  All  the  iron  and  iron-base  alloys  were  laboratory 
heats  of  900-gram  cubes.  These  heats  were  made  by  melting  with  a  tung¬ 
sten  arc  under  an  argon  atmosphere.  Four  re-meltB  were  made  of  each  heat 
to  insure  homogeneity  of  the  alloy.  A  chill  cast  structure  was  obtained 
by  employing  a  water-cooled  copper  crucible.  Four  basic  alloying  ele¬ 
ments,  chromium,  manganese,  nickel,  and  carbon,  were  UBed  to  make  up  the 
single-phase  iron-binary  and  iron-carbon  alloys  which  were  initially 
prepared  using  electrolytic  iron.  However,  it  became  necessary  to  make 
up  new  heats  of  the  Fe-Ni  alloys  due  to  the  severe  cracking  which  was 
encountered  as  a  result  of  cold  working.  It  was  concluded  that  the  rela¬ 
tively  high  oxygen  content  may  have  been  the  major  factor  causing  this 
embrittlement.  This  conclusion  was  further  strengthened  when  the  new 
heats  of  Fe-Ni  which  were  made  up  of  a  higher  purity,  vacuum-melted  iron 
were  processed  without  any  difficulty. 

All  the  cubes  were  press  forged  at  800  C  except  the  Fe-Ni  alloys 
which  were  forged  at  1000  C.  The  forgings  were  then  vacuum  annealed  at 
950  C,  air  cooled  and  swaged  at  room  temperature  to  a  final  diameter  of 
O.375  inch.  This  resulted  in  an  80  percent  reduction  of  area  for  all 
the  alloys  which  were  then  re crystallized  for  one  hour  at  70U  C  under 
vacuum  and  furnace  cooled,  except  for  the  2.5  percent  Ni  alloy  which  was 
recrystallized  at  600  C  for  two  hours  and  the  5*0  percent  Ni  alloy  which 
waB  recrystallized  at  500  C  for  four  hours .  Thus  all  the  materials  were 
recrystallized  from  the  cold-worked  condition  essentially  in  a  single¬ 
phase  "alpha"  condition  except  the  Fe-C  alloys  which  contained  Fes-C 
spheroldized  in  the  alpha  matrix.  Chemical  analyses  for  all  materials 
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are  shown  in  Table  I.  Grain  size  determinations  and  equivalent  atomic 
percentages  are  tabulated  in  Table  II  for  the  iron  and  iron  alloys . 
Relatively  constant  grain  sizes  within  each  alloy  system  were  found  in 
most  cases,  although  no  effort  was  made  to  establish  a  constant  grain 
size. 


True  stress-true  strain  tension  data  were  obtained  from  continuous 
load-profile  curves  over  a  range  of  testing  temperatures  of  200  to 
-I96  C.  A  30,000-pound  capacity  mechanical  testing  machine  was  used  at 
a  constant  platen  displacement  of  0.01  in. /in.  All  test  temperatures 
were  obtained  by  employing  a  liquid  bath  such  as  nitrogen,  isopentane, 
alcohol,  or  oil,  depending  on  the  temperature  range.  More  complete  de¬ 
tails  pertaining  to  the  testing  method  can  be  found  in  a  previous  publi¬ 
cation.34  The  tension  specimen  geometry  employed  in  this  study  was 
0.252-inch  diameter,  untapered,  with  a  1-inch  gage  section. 

True  stress-true  strain  curves  for  the  iron  and  iron  alloys  tested 
are  shown  in  Appendix  A.  Due  to  the  relatively  large  amount  of  highly 
localized  deformation  occurring  in  the  necked  region  of  most  of  the 
iron  alloy  specimens,  the  measurements  which  were  obtained  employing 
the  diameter  gage  assembly  beyond  65  percent  reduction  of  area  were  in 
error  because  of  the  bluntness  of  the  measuring  fingers  used  to  detect 
the  changes  in  diameter.  However,  it  was  found  that  this  could  be 
compensated  for  and  corrected  diameter  values  could  be  obtained  if  a 
load-diameter  curve  was  constructed  and  extrapolated  to  the  small  diam¬ 
eter  values  in  question.  This  method  was  actually  checked  by  running 
an  interrupted  test. 


RESULTS  AND  DISCUSSION 

Several  significant  plastic  flow  and  fracture  parameters  were 
selected  from  the  true  stress-true  strain  data.  These  parameters  are 
(a)  flow  stress  at  a  constant  strain  (o.04)  of  .04;  (b)  stress  and 
strain  at  maximum  load  (a,,^  and  (c)  stress  and  strain  at  fracture 

(cif  and  );  and  (d)  the  strain  hardening  exponent  (n).  Although  this 
study  was  primarily  concerned  with  the  effect  of  alloy  additions  on  the 
flow  stress-temperature  dependence  parameter,  several  other  interesting 
composition  and  temperature  effects  were  observed  for  other  plastic 
flow  and  fracture  parameters .  Also  included  in  this  study  are  the  upper 
and  lower  yield  point  data  obtained  from  load-platen  displacement  curves 
which  are  tabulated  for  all  the  iron  alloys  in  Tables  III  to  VII.  Some 
anomalous  behavior  was  noted  in  these  data  which  could  not  readily  be 
understood  in  relation  to  current  theory.  This  was  noticed  in  an 
Fe-1  Mn  alloy  at  23  C  where  the  upper  yield  point  effect  observed  on 
testing  in  air  could  be  eliminated  simply  by  testing  a  specimen  in 
alcohol  or  isopentane.  These  tests  were  repeated  several  times  and  in 
all  cases  the  observed  anomaly  was  reproduced.  Furthermore,  tests  at 
-40  C  and  lower  in  these  liquid  baths  saw  the  yield  point  effect  return. 
The  only  thing  peculiar  about  this  alloy,  which  had  to  be  eventually 
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discarded,  was  the  relatively  high  amount  of  nitrogen  present,  in  the 
order  of  50  ppm  compared  to  10  to  20  ppm  found  for  all  the  other  alloys. 
The  high  amount  of  nitrogen  did  effect  the  strength  level  of  this  mate¬ 
rial,  raising  it  considerably  above  predicted  values  based  upon  the 
other  alloys.  Because  of  this  anomalous  behavior  a  new  heat  of  Fe-1  Mn 
alloy  was  made  up  of  lower  nitrogen  content  which  did  not  exhibit  any 
large  yield  point  effects  in  alcohol  at  room  or  low  temperature.  This 
is  shown  in  Table  V.  However,  these  findings  should  be  considered 
inconclusive  until  a  more  comprehensive  study  is  made  on  this  particular 
alloy  system,  especially  on  the  effect  of  nitrogen  and  testing  environ¬ 
ment.  Another  finding,  although  not  as  dramatic,  was  the  suppression  of 
the  typical  serrated-type  load-elongation  curve  that  is  usually  observed 
in  iron  alloys  that  are  strain  aged  in  the  temperature  region  of  200  C. 
This  was  noted  for  the  Fe-.1*C  and  the  Fe-2  Cr  alloys  where  a  combination 
of  alloy  addition  and  lowered  oxygen  may  have  been  responsible  for  this 
effect. 

Flow  Stress  and  Strain  at  Maximum  Load 

Generally  speaking,  it  is  first  necessary  to  assume  that  the  base 
metal  being  studied  here  will  not  vary  significantly  because  of  the 
residual  alloy  elements  normally  found  present  and  that  the  alloying 
element  added  will  be  the  primary  contributing  factor  to  any  changes  in 
properties  observed. 

This  approach  has  been  employed  successfully  in  the  past1*'36  to 
evaluate  and  predict  various  solid  solution  effects  in  iron  and  will  be 
used  in  the  analysis  of  all  the  properties  studied  here. 

Plots  illustrating  the  effect  of  test  temperature  for  the  vacuum- 
melted  iron,  Fe-C,  Fe-Cr,  Fe-Mn,  and  Fe-Ni  alloys  are  shown  in  Appendix 
B.  Referring  to  the  stress  at  maximum  load  (aml),  it  can  be  seen  that 
it  is  essentially  a  linear  function  over  the  range  of  test  temperatures 
studied.  This  may  be  attributed  in  part  to  the  relatively  small  varia¬ 
tion  in  the  slope  M  for  the  strain  range  at  which  maximum  load  occurred ^ 
Hence,  this  could  then  be  considered  as  an  approximate  iso-strain  param¬ 
eter  for  these  strain  values .  In  cases  where  the  alloys  were  made  from 
the  electrolytic  iron,  it  can  be  seen  that  there  is  also  an  embrittling 
effect  at  the  lowest  temperatures  of  approximately  -130  C  for  the  Fe-C 
alloys  and  -155  C  for  the  Fe-Mn  and  the  Fe-Cr  alloys.  This  can  be 
partially  attributable  to  the  high  oxygen  content  for  the  solid  solution 
alloys  as  indicated  by  recent  work  showing  severe  embrittling  effects 
obtained  at  these  levels  of  oxygen.10  The  Fe-C  embrittlement  has  gener¬ 
ally  been  attributed  to  the  brittle  second  phase  present.  It  is  inter¬ 
esting  to  note  that  none  of  the  Fe-Ni  alloys  exhibited  this  loss  of 
ductility  and  that  these  alloys  have  the  lowest  oxygen  concentration 
next  to  that  of  the  Fe-C.  In  the  case  of  the  Fe-C  alloys,  we  may  con¬ 
clude  that  previously  proposed  factors,  such  as  carbon  content  and  grain 
size,  are  primarily  responsible  for  this  type  of  embrittlement  in  this 
two-phase  system. 
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Another  point  of  interest  observed  for  all  the  compositions  studied 
was  the  apparently  constant  value  of  stress  at  maximum  load  at  the  lowest 
temperatures  which  remained  independent  of  composition  for  any  particu¬ 
lar  alloy  system.  This  is  in  contradiction  with  observations  at  the 
higher  temperatures,  particularly  at  room  temperature,  where  a  definite 
strengthening  effect  can  be  observed.  Figure  5  illustrates  this  effect 


Figure  5.  VARIATION  OF  THE  STRESS  AT  MAXIMUM  LOAD,  cr_r  VERSUS  ATOMIC  PERCENT 
ALLOY  ADDITION  AT  R.  T.  AND  SOME  SELECTED  LOrTEMPERATURES 


quite  dramatically.  It  can  be  seen  that  thermal  effects  can  definitely 
erase  any  strengthening  effects  produced  by  solute  additions  at  the 
higher  tengperatures .  The  slight  differences  in  slope  observed  between 
the  Fe-Hi  and  the  other  alloys  can  be  attributed  to  the  smaller  grain 
size  and  higher  carbon  content  in  the  vacuum-melted  iron. 

Generally  speaking,  the  strain  at  maximum  load  (*ml)  behaves  in  a 
manner  similar  to  the  strain  hardening  exponent  (n).  This  would  be  ex¬ 
pected,  particularly  as  the  n  measurements  were  made  in  the  uniform 
strain  region  at  maximum  load  and  both  parameters  reflect  strain  harden¬ 
ing  behavior.  A  more  detailed  description  of  n  will  follow,  which  will 
in  effect  cover  «ml,  also. 

Strain  Hardening  Exponent 

For  the  Fe-C  alloys,  it  can  be  shown  in  Figures  B2  to  B6  that  n,  the 
strain  hardening  exponent,  decreased  with  increasing  carbon  content  and 
that  this  decrease  was  most  severe  at  the  higher  temperatures  and  least  se¬ 
vere  at  the  lower  temperatures.  Looking  at  the  effect  of  temperature  on  any 
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one  of  the  Fe-C  alloys,  It  can  be  seen  why  this  is  so;  first,  at  the 
lower  carbon  contents,  the  strain  hardening  exponent  changes  abruptly 
from  a  value  of  about  0.25  to  a  constant  value  of  0.15  between  tempera¬ 
tures  of  23  C  and  -80  C.  Secondly,  at  the  highest  carbon  studied,  1  per¬ 
cent  C,  this  variation  was  considerably  less  and  had  an  average  n  value 
of  0.15.  It  is  interesting  to  note  that  the  relatively  high  values  of  n 
exist  only  in  the  region  of  room  temperature . 


Of  the  three  solid  solution  alloys,  the  Fe-Ni  alloy  which  had  the 
smallest  grain  size  and  the  lowest  oxygen  content  exhibited  the  most  dra¬ 
matic  improvement  in  n  values  for  the  lower  test  temperatures  and  higher 
alloy  additions.  Referring  to  Figures  B17  to  B21  this  trend  can  be  seen 
for  the  Fe-Ni  alloys,  where  at  the  lower  (l£  Ni)  composition  n  decreases 
from  approximately  O.30  to  0.13  and  at  the  higher  (5$  Ni)  composition  n 
is  relatively  constant,  varying  from  .27  to  .25*  To  illustrate  the  trend 
exhibited  by  n  at  various  compositions  and  several  temperatures,  Figure  6 
was  constructed.  The  strong  influence  of  Ni  at  additions  of  over  1  per¬ 
cent  can  be  easily  seen  when  room  temperature  and  -19 6  C  n  values  are 
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compared.  The  behavior  of  Fe-C  is  illustrated  for  room  temperature  and 
••105  C.  Another  interesting  point  is  the  apparent  constancy  of  n  values 
for  the  Fe-Cr  and  Fe-Mn  at  room  temperature  and  -155  C.  That  the  other 
solid  solution  alloys  might  behave  similarly  to  the  Fe-Ni  if  there  were 
less  oxygen  and  smaller  grain  Bize  is  an  obvious  conclusion.  Yet  there 
is  an  alternative  explanation  which  is  that  at  higher  amounts  of  alloy 
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addition,  i.e.,  greater  than  1  percent  ior  the  Mn  and  greater  than  4  percent 
for  the  Cr,  there  will  be  a  tendency  for  the  n  value  to  change.  However, 
there  has  been  some  indication  that  simply  by  lowering  the  oxygen  content, 
an  improvement  in  n  can  be  obtained  at  the  lower  test  temperatures  for  high 
purity  Fe-Mn  alloys.17 

Fracture  Stress  and  Strain 

There  are  some  rather  interesting  observations  that  can  be  made  con¬ 
cerning  the  stress  and  strain  parameters  at  fracture  versus  temperature  as 
is  shown  in  Appendix  B.  First,  the  strain  of  fracture,  *j,  remains  con¬ 
stant,  as  the  stress  at  fracture,  o^,  is  decreasing.  Second,  decreases 
during  the  same  time  that  ap  is  relatively  constant.  This  general  trend 
was  observed  in  all  the  compositions  and  over  the  range  of  test  temperatures 
studied.  Others  have  observed  this  general  trend  in  polycrystalline 
metals36  and  have  sought  to  establish  the  transition  point  that  would  occur 
going  from  a  constant  to  constant  (the  transition  occurring  at  some 
specific  temperature  or  range  of  temperatures  in  this  case,  although  varia¬ 
tion  in  strain  rate  and  strength  level  have  also  been  used).  It  has  been 
pointed  out37  that  with  this  transition  defined,  one  could  have  a  material 
at  its  optimum  strength  and  ductility.  For  most  of  the  solid  solution  al¬ 
loys  here,  this  region  apparently  occurs  at  about  the  same  test  temperature, 
i.e.,  -40  C.  However,  when  approaching  the  higher  Ni  alloys  one  can  see  a 
definite  decrease  in  this  transition  temperature .  It  is  apparent  that  a 
definite  analogy  between  this  and  what  has  been  reported  for  Charpy  impact 
tests  on  low-carbon  steels  having  these  percentages  (2.5  to  5.0  percent)  of 
Hi  can  be  drawn.38  Although  the  general  effect  of  Ni  on  producing  increased 
toughness  is  known,  the  relationship  between  the  tensile  flow  stress  and 
such  tests  as  the  Charpy  V-notch  impact  tests  which  are  used  to  evaluate 
this  increased  toughness  has  not  been  established.  However,  recent  work 
has  shown  that  some  general  correlations  may  be  obtained  in  the  ductile 
region  of  plastic  flow  Just  prior  to  transition  behavior  as  exhibited  in 
the  impact  test.39  More  specifically,  it  has  been  shown  that  a  functional 
relation  could  be  obtained  between  increased  toughness  and  an  Increase  in 
the  strain  hardening  exponent,  n. 

Flow  Stress  at  Constant  Strain 

In  evaluating  the  flow  stress  dependence  at  constant  strain,  several 
important  parameters  are  held  constant  or  assumed  to  be  ineffective  at  the 
range  of  strains  studied.  These  factors  are:  (l)  strain  rate  at  any  given 
strain  is  constant;  (2)  iso -strain  values  chosen  represent  instantaneous 
values  of  flow  stress;  (3)  homogeneous  and  uniform  strain  is  occurring;  and 
(4)  essentially  isothermal  conditions  exist. 

There  is  another  factor,  the  slope  M,  which  is  assumed  to  be  constant 
here,  i.e.,  the  flow  stress  at  a  constant  strain  will  vary  linearly  when 
plotted  versus  the  reciprocal  of  absolute  temperature.  Of  course,  there 
will  be  limitations  to  this  function  that  are  relatively  obvious,  such  as 

fl)  metallurgical  transformation,  (2)  changes  in  deformation  mechanism,  and 
3)  prior  history  (stress,  strain,  or  metallurgical)  which  will  define  a 


temperature  range  over  which  a  particular  value  of  M  will  be  valid. 

These  limitations  are  only  too  obvious  when  reference  is  made  to  the  Fe 
and  Fe  alloy  curves  in  Appendix  B.  Here  it  can  be  seen  that  there  are 
apparent  discontinuities  at  approximately  200  C,  the  strain  aging  effect, 
and  at  -130  C,  the  start  of  twinning.  Both  of  these  changes  are  indica¬ 
tive  of  a  change  in  deformation  mechanism.  If  tests  had  been  run  at 
910  C,  discontinuities  due  to  a  change  in  crystal  structure  would  also 
have  been  manifested  by  a  change  in  the  M  value .  Such  factors  as  strength 
level  and  structure  do  not  appear  to  affect  the  M  value  appreciably  if  at 
all.6  With  this  in  mind,  the  M  values  have  been  determined  for  the  iron 
and  iron  alloys  studied  here  at  an  iso-strain  of  .04.  These  are  shown  in 
Table  VTII  along  with  the  temperature  ranges  over  which  they  are  considered 
valid.  Also  tabulated  is  the  intercept  value  of  a0,  which  can  be  con¬ 
sidered  as  an  indicator  of  strength  level,  such  as  yield  strength,  even 
though  it  exists  at  an  imaginary  temperature  of  l/T  =  0. 

The  flow  stress  M  value  which  is  taken  at  *.04  in  this  case  also 
could  have  been  determined  as  easily  for  any  other  iso-strain  provided  the 
initial  assumptions  made  previously  are  met.  This  type  of  generalization 
relationship  where  various  constant  strains  have  been  considered  appears 
to  take  the  following  form: 

T  (a  -  aQ)  =  KtA 

Constant  « 

where  K*A  =  M.  (M  here  is  a  variable  with  respect  to  t.) 

However,  referring  back  to  the  iso-strain  curve  at  .04,  the  following  ob¬ 
servations  on  the  values  of  M  can  be  made .  Carbon  and  chromium  do  not 
appreciably  lower  M  with  increasing  alloy  content.  Manganese  and  nickel 
definitely  lower  M  with  increased  alloy  content.  Figure  7  shows  this 
relationship  between  M  and  the  atomic  percent  alloy  addition  for  the  vari¬ 
ous  iron  alloys.  It  can  be  seen  that  the  Fe-C  and  Fe-Cr  slopes  vary 
little,  while  the  Fe-Mn  and  Fe-Ni  vary  considerably  over  the  same  compo¬ 
sition  ranges.  From  these  curves  it  is  possible  to  determine  an  empirical 
equation  relating  the  M  value  with  the  atomic  percent  alloy  element.  It 
is  first  assumed  that  an  equivalent  nickel  curve  can  be  constructed  such 
as  was  done  by  Gensamer.38  This  was  made  possible  by  assuming  that  the 
Fe-C  and  the  Fe-Cr  contribute  a  fixed  amount  to  the  M  value  independent 
of  composition  over  the  range  of  compositions  studied,  and  that  the  Fe-Mn 
and  Fe-Hi  slopes  were  parallel.  With  these  considerations  the  following 
equation  was  derived: 

M  =  m^Cequivalent  Ni)”1/^ 

where  n>i  =  9^  psi  x  10"6  degrees  K 

(equivalent  Ni)  =  2-3  (At.  %  Mn)  +  C  +  At.  <f>  Ni. 
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ALLOYING  ELEMENT  (ATOMIC  PERCENT) 

Figure  7.  FLOW  STRESS  TEMPERATURE  DEPENDENCE  SLOPE,  M,  VERSUS 
ATOMIC  PERCENT  ALLOY  ADDITION 


As  carbon  did  not  affect  the  M  value,  it  is  ignored.  However,  Ci  equals 
0.7  for  steels  containing  Cr  within  the  ranges  specified  here. 

In  order  to  check  the  effectiveness  of  this  equation  toward  predicting 
M  values  on  more  highly  alloyed  steels,  some  commercial  steels  were  tested 
and  the  M  values  experimentally  determined.  The  flow  stress  iso-strain 
curves  are  shown  in  Figures  8a  and  8b.  These  values  are  also  shown  in 
Table  VIII.  Their  chemical  analyses  can  be  found  in  Table  I.  From  these 
chemical  analyses,  the  M  values  were  calculated  using  the  formula  derived 
here.  These  calculated  values  are  compared  with  the  experimental  values 
in  Figure  9*  It  can  be  seen  that  within  a  ±5  percent  deviation  band, 
these  values  correlate  remarkably  well.  The  higher  slope  values  which  do 
not  fit  as  nicely  as  the  rest  of  the  data  points  are  from  the  plain  carbon 
steels  where  there  may  have  been  some  minor  alloying  elements  contributing 
to  effectively  lower  the  slopes . 

As  much  of  the  data  referred  to  here  is  not  generally  made  available, 
tables  were  made  up  containing  these  various  parameters  along  with  some 
"engineering"  tensile  stress  data.  These  are  shown  for  the  iron  and  iron 
alloys  in  Tables  IX  to  XIII.  Table  XIV  shows  the  iso-strain  data  for  the 
alloy  steels  used  here. 

Significance  of  Iso-Strain  Flow  Stress -Dependent  Curves 

Referring  back  to  the  experimental  data  shown  here,  the  flow  stress 
(a. Ok)  may  be  described  by  a  linear  function  with  the  reciprocal  absolute 
temperature  parameter.  This  curve,  which  can  be  considered  as  representing 
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Flgura  8.  FLOW  STRESS,  <r  0*  VERSUS  THE  RECIPROCAL  OF  ABSOLUTE  TEMPERATURE 
FOR  SOME  COMMERCIAL  ALLOY  STEELS 
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A  IS  I  1095 


M  EXPERIMENTAL 

Figure  9.  CALCULATED  H  VALUE  VERSUS  EXPERIMENTAL  M 
VALUES  FOR  SOME  COMMERCIAL  ALLOY  STEELS 


yield  stress  conditions,  will  at  some  temperature  reach  a  critical  stress 
level  which  could  result  in  brittle  failure.  Analysis  of  this  type  of 
idealized  failure  by  Gensamer1  and  Orowona  has  shown  that  many  variables, 
such  as  specimen  geometry,  strain  rate,  mlerostructure,  etc.,  will 
influence  this  transitional  temperature.  That  such  a  stress  level  must 
be  reached  i6  shown  in  the  torsion  test  which  results  in  ductile  failures 
at  temperatures  to  -196  C.40  Body-centered  cubic  (bcc)  materials  which 
show  high  M  values  generally  exhibit  a  ductile-brittle  transition  as  a 
result  of  reaching  these  critical  points  while  the  opposite  can  be  said 
of  face-centered  cubic  (fee)  metals  whose  flow  stress  appear  to  increase 
much  more  slowly,  resulting  in  low  M  values . 

Restated  more  simply  it  can  be  said  that  the  critical  stress  to 
fracture  which  apparently  increases  at  a  much  slower  rate  is  reached 
much  sooner  by  the  bcc  metals  as  evidenced  by  yield  or  flow  stress 
curves  which  rapidly  increase  with  decreasing  temperature.  Although  this 
type  of  analysis  is  generally  accepted  today,  it  is  restated  here  to  em¬ 
phasize  the  importance  which  can  be  attached  to  obtaining  a  quantitative 
measure  for  the  flow  stress -temperature  dependence.  The  slope  measure¬ 
ment  M  gives  this  value,  apparently  with  good  validity.  This  can  be 
demonstrated  by  comparing  the  relative  toughness  of  the  materials  tested 
here.  Metals  that  had  the  highest  slopes,  such  as  the  plain  carbon 
steels,  are  known  to  behave  in  a  brittle  manner  much  more  easily  than 
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the  301  and  AISX  4340  steels,  which  had  the  lowest  M  values  and  the  high 
est  toughness.  Furthermore,  the  alloying  elements  of  Mn  and  Ni,  which 
are  gamma  stabilizers,  acted  most  effectively  in  lowering  M. 


CONCLUSIONS 


Based  upon  the  experimental  evidence  gathered  here  the  following  sig¬ 
nificant  conclusions  are  drawn: 

1.  At  maximum  load  the  flow  stress  and  strain  behave  in  a  fairly 
predictable  manner,  resulting  in  increased  values  of  flow  stress  with  de¬ 
creasing  temperature.  However,  at  the  low  temperatures  the  flow  stress 
properties  relating  to  solid  solution  strengthening  are  apparently  unin¬ 
fluenced  by  alloy  composition  at  these  composition  levels. 

2.  The  Fe-Ni  alloys  exhibited  considerable  improvement  in  low  temper¬ 
ature  strain  hardening  properties  as  evidenced  by  the  increased  n  values 
with  increased  alloy  addition. 

3-  Stress  and  strain  at  fracture  followed  a  predictable  manner  versus 
temperature,  i.e.,  strain  at  fracture  decreased  with  constant  fracture 
stress  at  low  temperature  while  stress  at  fracture  decreased  at  constant 
fracture  strains  for  the  higher  test  temperatures.  In  the  solid  solution 
alloys  the  strain  at  fracture  remained  reasonably  the  same  at  any  particu¬ 
lar  test  temperature  except  for  the  two  highest  Fe-Ni  alloys,  where  a 
large  improvement  in  fracture  strain  was  observed  at  the  lowest  test  tem¬ 
perature  . 

4.  For  the  materials  studied  here  the  iso-strain  flow  stress  tempera¬ 
ture  dependence  was  shown  to  follow  the  formula: 


for  constant  strain  of  .04  and  strain  rate. 

5.  It  was  shown  that  the  M  value  is  influenced  by  composition  and 
that  its  value  can  be  predicted  from  a  formula  of  the  following  form: 

M  =  m^  (equivalent  Ni)-1/3. 

6.  Ni  and  Mn,  which  are  primarily  gamma  ctabilizers  in  iron,  are  the 
most  beneficial  of  the  alloying  elements  studied  here  for  lowering  this  M 
value  (flow  stress  temperature  dependence). 

7.  The  lower  M  values,  which  can  be  related  to  the  alloying  elements 
used  in  a  steel  such  AISI  4340,  may  be  regarded  as  a  measure  of  toughness. 
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TABLE  I 


CHEMICAL  ANALYSES  OF  MATERIALS  TESTED 


Weight  % 

PP" 

Alloy 

C 

Or 

Mn 

Ni 

Mo 

Si 

mm 

H 

n 

□1 

S 

Bate  Metal  -  Electrolytic  Iron 

Fe 

.013 

<.01 

<.01 

mm 

mm 

<.01 

0.6 

10 

20 

D 

Fe-.2C 

.183 

<.01 

nil 

R1 

- 

12 

0.7 

10 

IS 

-.4C 

.383 

<.01 

nil 

.03 

.008 

.  r 

1 

<0.1 

10 

40 

-.60 

.578 

<.01 

nil 

.03 

.008 

Wf 

10 

0.1 

10 

60 

-.80 

.769 

<.01 

nil 

.03 

.007 

3 

<0.1 

10 

40 

-1C 

.987 

<.01 

nil 

.03 

.007 

2 

0.4 

10 

40 

Fe-.25Cr 

.013 

.21 

nil 

.04 

.008 

.027 

256 

<0.1 

10 

50 

-.SCr 

.012 

.4S 

nil 

.03 

.004 

- 

203 

<0.1 

10 

40 

-lCr 

.011 

.95 

nil 

.04 

.005 

- 

172 

<0.1 

10 

40 

-2Cr 

.014 

1.96 

nil 

.03 

.009 

.002 

162 

OJ 

10 

50 

-4Cr 

.012 

3.88 

nil 

.03 

.013 

.012 

263 

<0.1 

10 

70 

Fe-.2Mo 

.019 

<.01 

.21 

.03 

.008 

.005 

165 

0.5 

10 

SO 

- .  4Mn 

.021 

<.01 

.40 

.03 

.009 

.002 

192 

0.2 

20 

50 

*  .8Mn 

.014 

<.01 

.57 

.03 

.008 

.008 

158 

0.2 

10 

50 

*.8Mn 

.014 

<.01 

.78 

.03 

.005 

.007 

206 

0.7 

10 

50 

-lMn 

.009 

<.01 

.95 

<•01 

<.01 

<.01 

223 

0.3 

20 

20 

so 

Base  Metal  -  Vacuus -Mel ted  Iron 


F# 

.018 

<.01 

<.01 

<.01 

<. 

Fe-.5Ni 

.019 

<.01 

.51 

<.01 

<. 

-INI 

.017 

<.01 

.99 

<.01 

<. 

.018 

<.01 

1.50 

<.01 

<. 

.020 

<.01 

2.53 

<.01 

<. 

-5N1 

.020 

<.01 

4.63 

<.01 

<. 

Conor cial  Steele 


■! 

> 

I 


Ku 

40 

30 

- 

30 

40 

30 

40 

TABLE  1 

CHEMICAL  ANALYSES  OF  MATERIALS  TESTED 
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TABLE  II 


EQUIVALENT  ATOMIC  PERCENTAGES  FOR  THE  FE  ALLOYS 
STUDIED  WITH  THE  AVERAGE  ASTM  GRAIN  SIZE  NUMBERS 


Alloy 

Sarian 

Weight  X 
Elenont 

Atonic 
Weight  X 
Eloaont 

ASTM 

Crain  Siio 

F»-.2C 

18 

.18 

.83 

8 

-.4C 

19 

.38 

1.74 

4-8 

- .  6C 

17 

.S8 

2.64 

5-6 

-.8C 

23 

.77 

3.48 

11-12 

-1.0C 

21 

.99 

4.44 

12 

F*-.2SCr 

12 

.21 

.22 

4-5 

-.SCr 

13 

.  45 

.48 

4-6 

■pWSSfl 

14 

.95 

1.02 

3-5 

16 

1.96 

2.10 

3-5 

IS 

3.88 

4.15 

4-6 

F.-.2Mn 

3 

.21 

.21 

3-5 

-.4Mn 

2 

.40 

.41 

0-5 

-.6Mn 

4 

.57 

.58 

4-5 

-.8Mn 

1 

.78 

.79 

4-5 

-l.OMn 

Z 

.95 

.96 

3-5 

F»-.5Ni 

N1 

.51 

.48 

6-8 

-l.ONi 

N2 

.99 

.94 

7-8 

-1.5N1 

N3 

1.50 

1.43 

7-8 

-2.5N1 

N4 

2.53 

2.41 

8-10 

-5.0N1 

N5 

4.83 

4.61 

7-8 

Fo* 

Vacuun 

Melt 

.018 

_ -j 

•  084 

4-8 

"pcrcentagen  are  given  for  the  carbon  content 
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TABLES  III  to  VII 


TABLE  III 
Fe-C  Alloy 


UPPER  .AND  LOWER  YIELD  POINTS  OBSERVED  IN  THE 
IRON-BASE  ALLOYS  (IN  PSl) 


Teat  Temperature  (deg  C) 


Fe-.2C 

Upper 

Loser 

Fe-..4C 

Upper 

Loser 

Fe-.6C 

Upper 

Lower 

Fe-.BC 

Upper 

Loser 

Fe-lC 

Upper 

Lower 

■  — 

|  Fe-Cr  Alloye 

Fe-.25Cr 

Upper 

Lower 

Fe-.5Cr 

Upper 

Lower 

Fe-lCr 

Upper 

Loser 

Fe-2Cr 

Upper 

Loser 

Fe-4Cr 

Upper 

Loser 

TABLE  V 

|  Fw-Mn  Alloys 

Fe-.2Mn 

Upper 

Loser 

Fe-.4Mn 

Upper 

Loser 

Fe*,6Mn 

Upper 

Loser 

Fe-.BMn 

Upper 

Loser 

Fe-IMn 

Upper 

Loser 

TABLE  VI 

|  F#-Hi  Alloys 

Fe-.5Ni 

Upper 

Loser 

Fe-INi 

Upper 

Loser 

Fe-l.SNi 

Upper 

Loser 

Fe-2.5Ni 

Upper 

Loser 

Fe-5Ni 

Upper 

Loser 

100 

23 

-40 

42.000 

24.300 

36,000 

30,000 

52.200 

39.000 

46,000 

45.000 

64.800 

54,000 

46.400 

32.400 

40.600 

39.600 
61,200 

45.600 
60,000 
54.000 
70,200 
60,000 

60.600 

49.200 

64.800 

55.200 
70,100 
57.300 
84,000 
69.000 
94,000 

76.800 

27.000 

24.000 

30.600 
26.000 
30.000 
26.000 

45.600 
34.000 
44.400 
38.000 


TABLE  VII 

Unalloyed  Vacuun-Melted  Iron 


Upper  22.200  32.400  32,400  51,600 
Loser  20.000  23.400  25.800  36.000 


the  Fe-.4C  and  the  Fe-2Cr  alloye. 

(1)  No  clear  yield  point!  discernible 

(2)  Broke  prior  to  yielding 


76.000 

94.000 

108.000 

117.000 

66.000 

72.000 

84.000 

100.800 

TABLE  VIII 


SLOPE  (M)  OF  THE  FLOW  STRESS  (cr.  04) -RECIPROCAL 
ABSOLUTE  TEMPERATURE  CURVE  AND  INTERCEPT  (crQ ) 


Material 

"Teaperature 
Range  (deg  K) 

M 

(pal  dag  K) 

°0 

(p»i) 

Fa  - . 2C 

373  to  118 

,  '  '  ■ 

mm 

-.4C 

373  to  143 

*.6C 

373  to  168 

§|S||K‘-- 

■3S9 

-.8C 

473  to  143 

13.000 

-1.0C 

473  to  168 

H:9 

20.000 

Fe-.25Cr 

296  to  118 

HRH 

ifylpyjfijr 

-.SCr 

373  to  118 

Si 

373  to  143 

i 

473  to  118 

i 

-8.000 

Hoe  SI 

473  to  118 

SKiR 

-3.900 

Fe- .2Mn 

296  to  143 

118.5 

-17.800 

-.4Mn 

373  to  118 

95.5 

-7.700 

-.6Mn 

373  to  118 

84.8 

-1.700 

-.8Mn 

373  to  US 

79.6 

0 

-.l.OMn 

373  to  118 

73.6 

5.000 

■3BH 

373  to  118 

113.5 

•8.000 

373  to  118 

100.0 

0 

■S3 

373  to  118 

83.6 

7.000 

mSBrn 

373  to  77 

71.5 

17.000 

HSH 

473  to  77 

54.2 

30. 000 

Fa 

296  to  143 

130.8 

-13.100 

AISI  1020 

296  to  77 

87.5 

15.000 

AISI  1045 

296  to  118 

86.0 

102.000 

AISI  1095 

296  to  143 

88.4 

32,000 

AISI  4140 

296  to  77 

69.3 

80.000 

AISI  4340 

373  to  77 

54.5 

70.000 

SS  301 

296  to  77 

42.1 

32,000 

‘Constant a  ora  valid  ovar  taaparatura  rang*  indlcatad. 
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TABLE  IX 

MECHANICAL  PROPERTY  DATA  ON  FE-C  ALLOYS 


Fe-.2C 

Spacinan 

Teat 
Tenp. 
(dag.  C) 

°’.04 

(pal) 

or  . 

mi 

(P*i) 

af 

(P»i) 

18-9 

200 

36.000 

47.800 

87,200 

18-8 

100 

29.200 

53.200 

112.600 

18-1 

23 

33.400 

55.700 

106.800 

18-2 

-40 

50.100 

65.700 

128.100 

18-3 

62.600 

72.100 

128,600 

18-4 

-105 

75.400 

81.600 

138,200 

18-5 

-130 

79,300 

91,800 

139,500 

18-6 

-155 

97.100 

103,100 

138,800 

18-7A* 

•196 

- 

- 

134.200 

Fe-.4C 

Specinen 


mrwu 

200 

41.800 

S4.200 

99.600 

■  a 

100 

31.300 

55.600 

101.400 

23 

40,200 

63.300 

104,400 

-40 

55,300 

74,100 

115,200 

19-3 

73,100 

79.500 

132,200 

19-4 

-105 

79.300 

93.800 

136,100 

19-5 

-130 

83,500 

91,900 

140.300 

19-6A* 

-155 

” 

* 

114.600 

F#-.6C 

SpCCiMD 


91.600 

102,600 

111.700 

124,000 

135.900 

137,400 


Fe-.8C 

Specinen 


23-9 

200 

23-8 

100 

23-1 

23 

23-2 

-40 

23-3 

-80 

23-4 

-105 

23-5A* 

-130 

23-6A* 

-155 

62.500 

86.200 

65,300 

92.300 

79,800 

122.000 

87.500 

122,200 

94.000 

125.000 

104.000 

139,400 

115,000 

158,200 

“ 

123.600 

Fe-lC 

Specinen 


.762 

.159 

39,600 

52,500 

.811 

.185 

44,500 

54,000 

.859 

.178 

54,000 

66,000 

.787 

.152 

67,600 

74.000 

.684 

.140 

79,000 

79.000 

.618 

.121 

90,000 

91,000 

.576 

.058 

105.100 

108.300 

* 

* 

123.600 

90,400 

.165 

.651 

95,500 

.165 

.706 

106,500 

.166 

.640 

120,000 

.165 

.597 

124,100 

.114 

.544 

139,300 

.188 

.446 

114.600 

48.6 
52.0 
51.5 
81,0001  47.4 
88.000  41.6 


74,000  81,000 

87,000  88,000  41.6 

99,400  101,900  39.4 
114.600  0 


*0.200*  dioneter  apecinen  used  In  place  of  atandard  apoclnen  that  originally  broka  at  thraada. 
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TABLE  X 

MECHANICAL  PROPERTY  DATA  ON  FE-CR  ALLOY 


F«-.2SCr 

T««t 

Tb«P. 

°'.04 

°-l 

af 

Y.S. 

0.2% 

UTS 

R.A. 

SpaciMD 

(d«q,  C) 

(P»i) 

<P«i) 

(pai) 

.1 

£( 

n 

(P»l> 

(p»i) 

U> 

12-9 

200 

26.700 

36.900 

90.100 

.170 

1.951 

.186 

10.200 

31.000 

89.6 

12-8 

100 

18.800 

37.200 

75.300 

.277 

1.868 

.320 

10.800 

28.000 

90.2 

12-1 

23 

20,900 

41.000 

79.300 

.277 

1.808 

.284 

16.800 

31.000 

91.4 

12-2 

•40 

26.600 

53,600 

123.500 

.370 

1.997 

.321 

24.400 

37.000 

91.0 

12-3 

-80 

43.800 

58,500 

147,500 

.165 

2.104 

.166 

40.800 

49.500 

89.4 

12-4 

-105 

50.700 

69,900 

140.800 

.210 

1.751 

.207 

46,200 

56.500 

87.6 

12  5 

-130 

59,500 

82.000 

141.500 

.156 

1.552 

.153 

56,400 

70,000 

82.0 

12-6 

-155 

69.400 

96,400 

142,500 

.183 

1.024 

.184 

67,200 

80.000 

66.5 

12-7A 

-196 

88,900 

" 

116.100 

.134 

.207 

77.400 

101.300 

45.8 

F*-.5Cr 

Sped  MB 

!■ '  |  Ttt 

200 

18.800 

32.600 

78.100 

.254 

2.059 

.250 

6.600 

25.200 

89.2 

iHf  < !  JK 

100 

18.800 

33.200 

88.000 

.300 

2.294 

.284 

8.400 

24.500 

91.6 

tmrrm 

23 

23.000 

43,100 

114.000 

.277 

2.174 

.291 

12.600 

32.500 

91.6 

-40 

28,700 

46.400 

107,700 

.277 

2.037 

.249 

25.200 

35.000 

88.4 

-80 

44,100 

59,100 

105.900 

.165 

1.770 

.168 

40.000 

50.000 

86.2 

1  13-4 

-105 

44.900 

60.400 

107.500 

.187 

1.676 

.186 

42.000 

50.000 

87.2 

13-5 

-130 

61.600 

78,100 

120.300 

.136 

1.147 

.150 

57.600 

68.000 

70.5 

13-6 

-155 

66,800 

80.500 

126,200 

.123 

.884 

.143 

62.400 

71.000 

59.1 

13-7 

-196 

87.200 

_ : _ 

87.200 

- 

■  040 

80.000 

83.500 

4.2 

F«-lCr 

Spaclaan 

14-9 

200 

20,000 

33.100 

78.000 

.254 

2.128 

.279 

8.400 

25.600 

91.4 

14-8 

100 

16.100 

35.900 

88.900 

.323 

2.222 

.350 

9.900 

26,000 

92.6 

14-1 

23 

20.900 

43.700 

102.900 

.309 

1.997 

.320 

14.800 

32.000 

92.0 

14-2 

-40 

32,400 

50.700 

121.000 

.280 

2.082 

.267 

29.400 

38.000 

90.2 

14-3 

-80 

45.900 

54.000 

125.000 

.116 

2.059 

.141 

44.000 

48.000 

90.4 

14-4 

-105 

54.800 

68.400 

128,100 

.162 

1.828 

.143 

52.400 

58,000 

87.8 

14-5 

-130 

56,900 

71.500 

139.600 

.140 

1.676 

.149 

50,600 

62.000 

81.4 

14-6 

-155 

66,800 

92.600 

135,700 

.188 

1.355 

.157 

62.400 

76,500 

77.4 

14-7 

-196 

93.000 

• 

126. S00 

* 

.174 

.167 

78.000 

106.000 

17.7 

F«-2Cr 

Sptcinn 

m:\rn 

200 

16.700 

30,300 

77,200 

.300 

2.174 

.298 

7,800 

22.400 

92.6 

100 

19.800 

37.300 

109.100 

.299 

2.197 

.308 

7,200 

27,600 

92.0 

B-  ■ 

23 

23.000 

45.100 

112.900 

.277 

2.082 

.302 

10,400 

34.000 

90.6 

-40 

30.300 

51,000 

115.400 

.254 

2.037 

.255 

22.400 

39.500 

91.0 

-80 

45,900 

57,600 

130,400 

.178 

1.972 

.163 

38,400 

48,000 

90.4 

16-4 

-105 

52.700 

68.000 

154.900 

.165 

1.951 

.159 

46,800 

57.500 

88.6 

16-5 

-130 

65.200 

88,900 

144,200 

.209 

1.566 

.151 

60.400 

72.000 

81.0 

16-6 

-155 

75.200 

90,900 

121.400 

.156 

.884 

.139 

68,800 

77,500 

65.5 

16-7 

-196 

98.100 

122.400 

- 

.123 

.179 

87,600 

108,000 

11.8 

F«-4Cr 

SpaciMn 

nm 

200 

20,000 

36,500 

103.500 

.304 

2.174 

.299 

11,200 

26,800 

89.2 

;  “mt 

100 

23,200 

42,300 

112,100 

.277 

2.016 

.294 

12.600 

32,000 

87.2 

,  j  ipl 

23 

25,100 

50,300 

125,400 

.277 

1.951 

.280 

16.000 

38,000 

89.0 

V  _ 

-40 

31,300 

59,400 

141,700 

.254 

1.930 

.294 

27,400 

46,000 

86.8 

» ]  i 

-80 

46,500 

65,900 

164,100 

.254 

2.059 

.224 

45,200 

51,000 

88.4 

•  J  jKf 

-105 

55,300 

69.700 

162,200 

.165 

1.910 

.163 

52,000 

59,000 

85.8 

:*  [  9| 

-130 

67,800 

80.000 

160,900 

.161 

1.751 

.154 

67,200 

68,000 

84.2 

|CT  [  jj|§ 

-155 

81,400 

100,200 

157,200 

.174 

1.092 

.170 

78,600 

84,000 

68.3 

•196 

101,800 

131,600 

160,500 

.193 

.513 

.183 

101,400 

108,000 

38.6 
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TABLE  XI 


MECHANICAL  PROPERTY  DATA  ON  FE 


Fe-.2Hn 

Test 

Tenp. 

°".04 

a.l 

a( 

R9 

Specimen 

(deg.  C) 

(P«i) 

(psi) 

(psi) 

€al 

3-9 

200 

24.600 

37,500 

69.000 

HTT1 

1.751 

3-8 

100 

20.400 

39.500 

.322 

1.808 

3-1 

23 

22.500 

44,600 

.298 

2.478 

3-2 

-40 

31.400 

49.400 

2.150 

3-3 

-80 

44,900 

56.300 

115.900 

.153 

1.972 

3-4 

-105 

55.300 

66.300 

EHH7T3 

1.732 

3-S 

-130 

66,800 

82,900 

151,500 

.140 

1.622 

3-S 

-155 

71,500 

139,400 

.179 

1.105 

3-7 

•196 

.200 

Fe-.4Mn 

Specisen 

2-9 

200 

43.900 

105,800 

.240 

1.972 

2-8 

100 

21,400 

45,100 

105,600 

.281 

1.951 

2-1A 

23 

23,500 

45,700 

114,800 

.299 

2.222 

2-2 

-40 

mm 

51,800 

.254 

1.951 

2-3 

-80 

44,600 

63,200 

139,700 

.242 

1.997 

2-4 

-105 

54,300 

64,000 

134,100 

.114 

1.808 

2-5 

-130 

62,100 

73,100 

149,400 

.123 

1.751 

2-6 

-155 

68,900 

91,500 

151,300 

.157 

1.434 

2-7A* 

•196 

91,900 

125,000 

134,700 

.189 

.303 

Fe-.6Mn 

Speciaen 

4-9 

200 

25,900 

83,300 

.232 

1.930 

4-8 

100 

20,400 

101.600 

.371 

2.082 

4-1 

23 

25,100 

131,100 

.299 

2.104 

4-2 

-40 

28,700 

54.700 

123.200 

.299 

1.972 

4-3 

-80 

40.700 

61,000 

132,200 

.276 

1.751 

4-4 

-105 

52.000 

65.000 

152,200 

.165 

1.972 

4-5 

-130 

147,700 

.114 

1.732 

4-6 

-155 

137,700 

.161 

1.092 

4-7A* 

-196 

85.200 

* 

.030 

Fe-.BMn 

Speciaen 

179 

200 

25,100 

40,800 

101,600 

.254 

2.082 

1-8 

100 

19,100 

41.000 

93.800 

.308 

2.059 

1-1 

23 

26,100 

45,700 

121,300 

.236 

2.104 

1-2 

-40 

27,100 

56,400 

120,000 

.282 

1.889 

1-3 

-80 

KEHUj 

62.200 

139,500 

.236 

1.910 

1-4 

-105 

48,500 

63,100 

141,200 

.145 

1.751 

1-5 

-130 

56,100 

73.300 

142,200 

.156 

1.518 

1-8A* 

-155 

74,500 

92,000 

125,900 

.155 

.772 

1-7B* 

•196 

• 

“ 

83.000 

• 

.008 

Fe-IMn 

Speciaen 

Z-6 

200 

30.100 

. 

. 

■Bi 

Z-5 

100 

25,700 

- 

- 

- 

- 

Z-l 

23 

28.000 

49,700 

124.200 

.276 

2.016 

Z-2 

-80 

39.700 

64.600 

140,200 

.254 

1.808 

Z-3 

-130 

58.500 

76,700 

139.600 

.178 

1.500 

Z-4 

-155 

68.900 

92.300 

158.600 

1.234 

*0.200*  diaseter  speciaen  used  in  place  of  standard  speciaen 
threads. 
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!-MN  ALLOY 


■■■ 

UTS 

in 

■MB 

(psi) 

(X) 

.203 

10.400 

1RJEI 

91.6 

.286 

11.600 

■aBU 

91.6 

.299 

15.600 

33.000 

92.8 

.251 

27.800 

38.000 

90.4 

.164 

40.400 

48.000 

90.6 

.124 

50.600 

E  ESI 

W  jl 

.128 

63,600 

■  til 

.161 

69.600 

■  ETJ 

i  m 

.183 

86.000 

104,000 

luOl 

.217 

12,600 

34,400 

88.4 

.318 

34,000 

91.4 

.288 

17,600 

33.800 

92.0 

.269 

26.400 

40,000 

91.4 

.195 

42.600 

50.000 

89.4 

.127 

57,000 

87.6 

.133 

59,000 

64,500 

82.0 

.142 

66.000 

78,000 

78.2 

.180 

86.000 

103.500 

25.2 

.213 

10.200 

29,000 

90.6 

.344 

11,000 

30.000 

91.6 

■EJlHI 

35.500 

91.0 

.300 

25.800 

■  I'JWl'l 

91.0 

.242 

34.200 

46.500 

90.4 

.159 

49.800 

■9EU 

88.4 

.122 

54.000 

64.000 

83.2 

.155 

66.000 

67.7 

* 

80.600 

82.800 

2.9 

.239 

10.800 

31,600 

90.6 

.298 

12.600 

■ran 

EXS1 

.258 

18.300 

Klfll 

.298 

24.000 

42.000 

90.4 

.208 

39,800 

49.000 

69.2 

.168 

48,800 

54,500 

87.6 

.178 

55,800 

62.500 

78.8 

.156 

68,800 

78,800 

53.8 

* 

82.200 

82.500 

1.0 

■ 

16.800 

38.400 

wjpn 

16,800 

33.600 

w  l 

16.800 

37.600 

PfTtj 

34.600 

50,000 

[  xl 

RtjJ 

51.600 

64,000 

83.0 

.173 

66.000 

77.000 

70.2 

that  originally  broke  at  the 


TABLE  XII 

MECHANICAL  PROPERTY  DATA  ON  FE-NI  ALLOY 


Fa-.5Ni 

Specimen 

Taat 

Taap. 
(dag.  C) 

a.04 

(psi) 

a„l 

(P«i) 

CTf 

(P»i) 

£»1 

£{ 

n 

Y.S. 

n.2% 

(P*i) 

UTS 

(P»i) 

R.A. 

(X) 

Nl-9 

200 

32,300 

55.200 

128,100 

.245 

1.808 

.236 

24,000 

43.100 

84.2 

Nl-8 

100 

31,200 

52,500 

126.500 

.281 

1.789 

.272 

24,600 

39.400 

86.2 

Nl-1 

23 

31.300 

52,900 

132.400 

.277 

1.951 

.265 

27.600 

40,000 

89.0 

Nl-2 

-40 

39,700 

61.000 

140,800 

.277 

1.951 

.274 

36,600 

46,000 

88.6 

Nl-3 

-80 

52.200 

67,900 

153,800 

.254 

1.848 

.243 

49,200 

52.500 

90.6 

Nl-4 

-105 

61,600 

68,600 

163,600 

.148 

1.868 

.160 

58,000 

59,000 

90.2 

Nl-5 

-130 

75,200 

79,400 

155,000 

.123 

1.604 

.108 

72,600 

70.000 

83.6 

Nl-6 

-155 

82.500 

91.000 

177.000 

.140 

1.484 

.101 

79.500 

79.000 

78.2 

Nl-7 

•196 

104.400 

126.500 

157.200 

.165 

.513 

.140 

100.000 

107.000 

41.0 

Fa-INi 

Spaciaan 

N2-10 

200 

37,200 

58.200 

126,800 

.245 

1.808 

.232 

27.600 

45.300 

83.4 

N2-9 

100 

30.900 

53,800 

137,800 

.227 

1.848 

.271 

26,000 

42.800 

85.2 

N2-1A 

23 

32,100 

S8.300 

160,000 

.304 

2.037 

.295 

30,600 

38,400 

42.600 

87.2 

N2-2 

-40 

42,100 

64,500 

153.800 

.281 

1.848 

.300 

46,800 

86.4 

N2-3 

•80 

48,000 

73.600 

166,700 

.299 

1.930 

.270 

48,000 

58,000 

54,400 

87.5 

N2-4A 

-105 

63.100 

73,600 

188,300 

.209 

2.059 

.217 

59,600 

87.5 

N2-5 

-130 

73.000 

84.100 

184.800 

.174 

1.694 

.162 

69,000 

70,500 

83.4 

N2-7 

-155 

86,000 

92.300 

192.700 

.123 

1.586 

.112 

81,600 

81,400 

83.8 

N2-8 

-196 

103.300 

118.100 

180,400 

.145 

.946 

.133 

102,000 

102,000 

62.4 

Fa-1.5Ni 

Spaciaan 

N3-9 

200 

35.700 

57.800 

129.300 

.227 

1.751 

.232 

27,000 

45,700 

82.6 

N3-8 

100 

33.800 

58.300 

134.100 

.286 

1.770 

.282 

28,800 

43,700 

84.0 

N3-1 

23 

35.500 

56,300 

135,000 

.273 

1.868 

.252 

29,600 

42,500 

87.6 

N3-2 

-40 

38,200 

66.400 

165,200 

.281 

2.016 

.277 

37,200 

49.800 

87.5 

N3-3 

-80 

52.200 

75.500 

180.000 

.273 

1.972 

.276 

49,200 

57,000 

86.4 

N3-4A 

-105 

57,600 

80,100 

185,700 

.286 

1.888 

.270 

52,000 

60.100 

86.1 

N3-S 

•130 

70.000 

86,100 

195.100 

.245 

1.808 

.221 

64.800 

67,300 

83.6 

N3-6 

-155 

79,000 

101,900 

191.300 

.245 

1.568 

.219 

76,800 

79,700 

79.2 

N3-11 

-196 

106,500 

123.300 

171.200 

.148 

.823 

.153 

100,000 

106.000 

58.8 

Fa-2.SNi 

Spaciaan 

N4-9 

200 

38,800 

64,200 

148,700 

.262 

1.848 

.242 

33,600 

49,300 

85.7 

N4-8 

100 

37.200 

60.000 

151,000 

.227 

1.848 

.246 

32,400 

47,800 

86.0 

N4-1B 

23 

40.700 

66.800 

164,800 

.263 

1.951 

.267 

38,000 

51,300 

91.0 

N4-2 

-40 

44,700 

75.900 

179.700 

.281 

1.910 

.258 

42,600 

57,200 

87.5 

N4-3 

-80 

53.200 

87,300 

188.400 

.277 

1.868 

.262 

49,000 

66,000 

86.4 

N4-4 

-105 

58,200 

92,300 

207,300 

.247 

1.808 

.271 

56,000 

69,300 

86.2 

N4-5 

-130 

68,600 

104,900 

225.600 

.327 

1.848 

.273 

64,800 

75,500 

85.0 

N4-6. 

-155 

81,000 

106,000 

233,000 

.245 

1.732 

.227 

76,800 

82,400 

83.6 

N4-7 

-196 

108,900 

133.500 

242,900 

.227 

1.263 

.214 

105,500 

106,300 

71.8 

Fa-SNi 

Spaciaan 

N5-9 

200 

46.900 

69,700 

173,600 

.227 

1.930 

.233 

38,000 

55,400 

85.6 

N5-8 

100 

42,500 

69,100 

168,800 

.245 

1.930 

.252 

40,800 

54 , 000 

87.0 

NS-1 

23 

47,800 

77,000 

190,100 

.263 

1.951 

.260 

46,000 

59.100 

86.8 

N5-2 

•40 

53,100 

86,900 

207,400 

.263 

1.910 

.269 

50,800 

66.700 

85.8 

N5-3 

-80 

60,000 

99,500 

206,500 

.254 

1.694 

.255 

56,000 

77,000 

85.6 

N5-4 

•105 

63,100 

101,800 

218.400 

.281 

1.751 

.271 

60,600 

76,300 

84.0 

NS-5 

•130 

69,000 

106,600 

221,700 

.263 

1.694 

.263 

65,400 

81,800 

82.4 

HS-6 

•155 

78,500 

114,000 

238,700 

.249 

1.676 

.250 

75,000 

89,100 

81.4 

N5-7 

•196 

100,300 

133,900 

239,800 

.245 

1.218 

.252 

96,000 

104,700 

72.2 
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TABLE  XIII 

MECHANICAL  PROPERTY  DATA  ON  UNALLOYED  VACUUM-MELTED  IRON 


Vacuua- 

Maltad 

Iron 

Spaclaan 

Toot 

Tonp. 
(dog.  C) 

a.04 

(pol) 

^.l 

(p«i) 

af 

(pni) 

R 

£f 

■ 

Y.8. 

0.2X 

(P«l) 

UYB 

(P»D 

m 

B-9 

200 

35.100 

_ 

■ 

19.800 

42.000 

82.4 

B-t 

100 

21.800 

- 

- 

- 

- 

1 

22.200 

39.200 

65.0 

B-l 

23 

28.100 

49.200 

121.700 

.299 

1.972 

wrm 

25.800 

36.400 

69.0 

B-2 

-40 

38.200 

55.700 

133.300 

.263 

1.930 

fill 

36.800 

42.800 

69.4 

B-J 

•80 

54.300 

60.300 

135.100 

.144 

1.910 

.127 

52.000 

52.000 

67.8 

B-4 

-105 

69.400 

72.600 

139.600 

.153 

1.676 

.121 

64.100 

62.000 

17.2 

B-S 

-130 

75.200 

82.100 

156.500 

.157 

1.534 

.125 

72.000 

70.100 

63.4 

B-l 

-155 

87.400 

95.500 

161.600 

.106 

1.219 

.121 

85.200 

RECTI 

73.7 

B-18 

•IN 

104.400 

126.000 

168.000 

.156 

.762 

.137 

102.600 

54.1 

TABLE  XIV 

CONSTANT  FLOW  STRESS  VALUES  [cr  Q4)  FOR  SOME  COMMERCIAL 
ALLOY  STEELS  AT  VARIOUS  TEST  TEMPERATURES  (200  TO  -196  C) 

(IN  PSI) 


Mntarial 

Taat  Taaparatura 

(dag  C) 

200 

100 

RT 

-40 

-80 

-105 

-130 

-155 

-IN 

AISI  1020 

- 

53.600 

48.400 

54.600 

54.800 

65.600 

78.100 

91.600 

123.100 

AISI  1045 

130.500 

- 

127.300 

139.900 

146.200 

156.600 

159.700 

177.400 

- 

AISI  1095 

58.400 

- 

68.900 

75.200 

81.400 

87.700 

98.100 

- 

- 

AISI  4140 

- 

- 

98.100 

106.500 

116.900 

124.200 

129.400 

142.000 

184.900 

AISI  4340 

63.500 

80,200 

87.200 

93.400 

97.700 

101.000 

103.800 

115.500 

141.400 

AISI  301  S.S. 

- 

- 

47.000 

- 

- 

58.700 

- 

- 

98.700 
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Figure  A- 19 
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Figure  A-22.  TRUE  STRESS-TRUE  STRAIN  TENSION  CURVES  FOR  THE 
OftIGIHAL  At LOT  CONTAINING  A  RELATIVELY  HIGH  AMOUHT 
OF  NITROGEH  (SO  PP«) 
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APPENDIX  B 


FIGURES  B-l  THROUGH  B-21.  SELECTED  FLOW  STRESS,  STRAIH  ARD  STRAIH  HARDER  I HG 
PARAMETERS  VERSUS  RECIPROCAL  ABSOLUTE  TEMPERATURE 
FOR  VARIOUS  IROH-BASE  ALLOYS. 
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Figure  B-8 
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Plgura  B-13 
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